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1
DELTA-SIGMA MODULATOR

TECHNICAL FIELD

The present invention relates to a delta-sigma modulator, 53
and particularly to a continuous-time delta-sigma modulator.

BACKGROUND ART

Delta-sigma modulators are divided broadly into a dis- 10
crete-time delta-sigma modulator and a continuous-time
delta-sigma modulator according to a position of a switch for
sampling an 1mput signal.

In a case of the continuous-time delta-sigma modulator, a
sampling switch 1s disposed after a loop filter and the loop 15
filter processes a continuous-time signal of an 1nput signal.
Thereby, an output of the loop filter 1s input 1nto a quantizer
via the sampling switch and a digital output from this quan-
tizer needs to be fed back continuously to the loop filter after
having been converted into an analog signal. Therefore, when 20
there exists a large jitter component 1n a timing signal for
determining timing for the analog conversion of the signal to
be fed back to the loop filter, the jitter noise 1s added to the
input signal. That results 1n a problem that a noise level of the
digital output 1s increased. 25

As a measure for solving this problem characteristic to the
continuous-time delta-sigma modulator and improving toler-
ance to jitter, 1t 1s very ellective to use a DAC (digital-analog
converter) called an SC (switched-capacitor) teedback DA
(or SCR feedback DA) as shown in FIG. 3A, for example 30
(e.g., non-patent reference 1 and non-patent reference 2).
Here, the operation principle thereof will be described with
reference to FIGS. 2 to 4B.

FIG. 2 shows a continuous-time delta-sigma modulator
having an SC feedback DA 103 for a measure to improve the 35
tolerance to jitter. A loop filter 101 recerves a continuous-time
signal to be processed, supplies an output thereot to a quan-
tizer 102 via a switch SW1 which samples the output in
response to a clock CLK, and supplies a digital output from
the quantizer 102 to the SC feedback DA 103 as a timing 40
signal for the analog conversion. The SC feedback DA 103
generates a current to be fed back to the loop filter 101 from
the digital signal output from the quantizer 102 and a first
reference voltage Vrel which determines a maximum level of
a voltage signal to be fed back. 45

FIG. 3A 1s an example of a specific circuit of the feedback
DA 103. When a switch SW2 1s connected to an a-terminal,
charge 1s once stored 1n a capacitor Cib by the reference
voltage Vref, and when the switch SW2 1s switched to a
b-terminal according to the output of the quantizer 102, the 50
charge stored 1n the capacitor Cib 1s fed back to the loop filter
101 via a resistor Rib. The maximum current value at a
moment when the switch SW2 1s switched to the b-terminal 1s
Vret/Rib and then the current value 1s attenuated with a time
constant T=RibxCib (FIG. 3B). 55

On the other hand, FIG. 4A shows an example of a specific
circuit of another type of the DAC called a SI (switched-
current) feedback DA. The SI feedback DA 1s constituted by
a fixed current source 401 and a switch SW3. When the switch
SW3 1s closed according to the output of the quantizer 102, 60
the charge 1s fed back to the loop filter 101 by a current Ifb
from the fixed current source 401.

Here, since the output of the quantizer 102 1s generated in
response to the sampling clock CLK, the output of the quan-
tizer 102 has a temporal fluctuation when a jitter 1s superim- 65
posed to this clock CLK. Therefore, a length of a duration in
which the charge 1s fed back to the loop filter 101 has also

2

fluctuation. Thereby, a charge (sc or Qs1, fed back to the loop
filter 101 every CLK period Ts, changes slightly by an effect

of this fluctuation. When an amount of this slight change 1s
denoted by AQsc or AQsi, ratio of AQsc to (Osc 1n the feedback
DA 1s outstandingly smaller than ratio of AQs1 to Qs1, where
the SC feedback DA feeds back most of the charge to be fed
back to the loop filter 101 1n the first half of the feed back
duration, even compared 1n the same amount of the fluctua-
tion, as apparent from FIG. 3B or FIG. 4B.

Therefore, the SC feedback DA has the much tolerance to
ntter and a very effective circuit for the continuous-time
delta-sigma modulator, compared with the SI feed back DA.

Note that a half of the CLK period Ts 1s represented as the
duration for the charge feedback 1 FIGS. 3B and 4B, the
duration 1s not limited to this value.

Non-patent reference 1: Maurits Ortmanns, “A Continu-
ous-T1me 2A Modulator With Reduced Sensitivity to Clock
Jitter Through SCR Feedback”, IEEE Trans. Circuits Syst. I,
Regular Papers, vol. 52, No. 5, MAY 2005

Non-patent reference 2: Robert H. M. van Veldhoven, “A
Triple-Mode  Continuous-Time 2A Modulator With
Switched-Capacitor Feedback DAC for a GSM-EDGE/
CDMA2000/UMTS Recerver”, IEEE Journal of Solid-State
Circuits, vol. 38, No. 12, December 2003

DISCLOSURE OF THE INVENTION

However, the charge amount to be fed back 1n the above SC
teedback DA depends largely on absolute element values of a
capacitance and a resistance constituting the DAC, and the
feedback charge amount 1s considerably influenced by a
change 1n a production process thereot, an operating tempera-
ture condition thereot, or the like. Thereby, a feedback gain 1s
not stabilized and, 1n the worst case, a loop becomes unstable
due to a shortage of a feedback amount.

Accordingly, 1n view of the above problem, an object of the
present mvention 1s to provide a delta-sigma modulator which
operates stably by maintaining a certain feedback amount
without being influenced by a change 1n a production process
thereof, an operating temperature condition thereot, or the
like.

In the present invention for achieving such an object, the
invention according to one embodiment 1s a delta-sigma
modulator, including: an input terminal; a continuous-time
loop filter receiving a continuous-time signal from the mput
terminal; a quantizer for outputting a digital signal obtained
by quantizing an output from the continuous-time loop filter
in response to a clock; and a switched-capacitor feedback DA
converter for outputting an analog signal depending on a first
reference voltage according to the digital signal output from
the quantizer and feeding back the analog signal to the con-
tinuous-time loop filter, said switched-capacitor feedback
DA converter having a capacitor and a resistor; wherein the
switched-capacitor feedback DA converter attenuating the
output signal to be fed back to the continuous-time loop filter
according to a time constant determined by the capacitor and
the resistor; and the first reference voltage being variable.

The 1invention preferably includes a controller for control-
ling feedback of the first reference voltage such that a charge
amount to be fed back to the continuous-time loop filter 1s
constant for each clock period.

The mvention preferably includes a reference-voltage gen-
erating circuit for generating the first reference voltage, the
reference-voltage generating circuit including a replica cir-
cuit of the switched-capacitor feedback DA converter, a
detecting circuit for detecting a signal output from the replica
circuit, and a voltage generator for generating a reference
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voltage based on the signal detected by the detecting circuait,
an output from the voltage generator being the first reference
voltage and also being input into the replica circuat.

The invention preferably includes a reference-voltage gen-
erating circuit for generating the first reference voltage, the
reference-voltage generating circuit including a replica cir-
cuit of the switched-capacitor feedback DA converter, a
smoothing circuit for smoothing a signal output from the
replica circuit, and an amplifier for comparing the signal
smoothed by the smoothing circuit with a second reference
voltage and for amplifying a difference therebetween, an
output from the amplifier being the first reference voltage and
also being input into the replica circuit.

The mvention preferably includes a first feedback-amount
detecting circuit for detecting a signal output from the
switched-capacitor feedback DA converter, and a reference
voltage generator for generating the first reference voltage
based on the signal detected by the first feedback-amount
detecting circuit.

The invention also preferably includes a delta-sigma
modulator wherein the first feedback-amount detecting cir-
cuit includes a first smoothing circuit for smoothing the signal
output from the switched-capacitor feedback DA converter,
and the reference voltage generator includes a switched-cur-
rent feedback DA converter for DA-converting the digital
signal output from the quantizer, a second smoothing circuit
for smoothing a signal output from the switched-current feed-
back DA converter, and a first amplifier for comparing signals
output from the first and signals output from second smooth-
ing circuits, an output from the amplifier being the first ret-
erence voltage.

The mvention may also include a second feedback-amount
detecting circuit for detecting the signal output from the
quantizer when a reference signal 1s input to the continuous-
time loop filter and a reference voltage generator for gener-
ating the first reference voltage based on a signal detected by
the second feedback-amount detecting circuit, the reference
voltage generator holds the first reference voltage.

Preferably, the second feedback-amount detecting circuit
includes a quantizer-output monitor circuit for monitoring the
digital signal output from the quantizer and a feedback
charge-amount detecting circuit for detecting a charge
amount fed back from a difference between an output of the
quantizer-output monitor circuit and an output value esti-
mated from the input reference signal, and the reference
voltage generator includes a voltage generating circuit for
generating a voltage based on an output value of the second
teedback-amount detecting circuit; and an output of the volt-
age generating circuit being the first reference voltage.

The mvention may include means for varying a charge
amount to be fed back to the continuous-time loop filter for
each clock period.

Preferably the second reference voltage 1s variable.

The continuous-time loop filter of the present invention
may be configured with a filter including a resistor, a capaci-
tor and a differential amplifier.

The continuous-time loop filter 1s of the present invention
may be configured with a filter including a transconductance
amplifier and a capacitor.

In a still further embodiment the continuous-time loop
f1lter 1s configured with a first filter having a resistor, a capaci-
tor and a differential amplifier, and a second filter having a
transconductance amplifier and a capacitor, with the filters
being sequentially connected.

The continuous-time loop filter may be configured with an
integrator or a low-pass filter or band-pass filter.
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The switched-capacitor feedback DA converter of the
present invention may includes a capacitor and a resistor, and

may attenuates the output signal to be fed back to the con-
tinuous-time loop {filter according to a time constant deter-
mined by the capacitor and the resistor.

The switched-capacitor feedback DA converter may
include a capacitor, a resistor and a transconductance ampli-
fier, and may converts a voltage signal attenuated according to
a time constant determined by the capacitor and the resistor
into a current with the transconductance amplifier, and may
outputs the current to the continuous-time loop filter.

In this embodiment the continuous-time loop {filter prefer-
ably includes a capacitor and a transconductance amplifier.

Each of the switched-capacitor feedback DA converter and
the replica circuit may includes a capacitor, a resistor and a
transconductance amplifier, that converts a voltage signal
attenuated according to a time constant determined by the
capacitor and resistor mto a current with the transconduc-
tance amplifier, and outputs the current to the continuous-
time loop filter.

In this emobidment each of the continuous-time loop filter
and the smoothing circuit preferably includes a capacitor and
a transconductance amplifier.

According to the present invention, 1t 1s possible to provide
a delta-sigma modulator which operates stably by maintain-
ing a certain feedback amount without being influenced by a
change 1n a production process thereot, an operating tempera-
ture condition thereot, or the like.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram showing a configuration of a delta-
sigma modulator according to the present ivention;

FIG. 2 1s a diagram showing a configuration of a conven-
tional delta-sigma modulator having an SC (SCR) feedback
DA

FIG. 3A 1s a circuit diagram 1llustrating the SC feedback
DA

FIG. 3B 15 a diagram 1illustrating operation of the SC feed-
back DA;

FIG. 4A 1s a circuit diagram 1llustrating an SI feedback DA

FIG. 4B 1s a diagram 1llustrating operation of the SI feed-
back DA;

FIG. 5 1s a diagram showing a configuration of a delta-
sigma modulator according to a second embodiment of the
present invention;

FIG. 6 1s a diagram showing an example of a feedback-
amount detecting circuit and reference-voltage generating
circuit according to the second embodiment of the present
invention;

FIG. 7A 15 a diagram showing another example according,
to the second embodiment of the present invention;

FIG. 7B 1s a diagram showing another example according
to the second embodiment of the present invention;

FIG. 8 1s a diagram showing an example of a feedback-
amount detecting circuit and reference-voltage generating
circuit 1n the other examples according to the second embodi-
ment of the present invention;

FIG. 9 1s a diagram showing a configuration of a delta-
sigma modulator according to a third embodiment of the
present invention;

FIG. 10 1s a diagram showing a configuration of a delta-
sigma modulator according to a fourth embodiment of the
present invention;

FIG. 11 1s a diagram showing a state of output signal of
cach component 1n the delta-sigma modulator according to
the present invention;
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FIG. 12 A 1s a diagram 1llustrating a state of negative feed-
back control for obtaining a constant feedback charge;

FI1G. 12B 1s a diagram 1llustrating another state of negative
teedback control for obtaining a constant feedback charge;

FIG. 13 1s a diagram showing a configuration of a delta-
sigma modulator according to a fifth embodiment of the
present invention;

FIG. 14 1s a diagram showing a configuration of a delta-
sigma modulator according to a sixth embodiment of the
present invention;

FIG. 15A 1s a circuit diagram 1llustrating an SC feedback
DA 1n the sixth and eighth embodiments; and

FIG. 15B 1s a diagram illustrating operation of the SC
teedback DA 1n the sixth and eighth embodiments.

BEST MODE FOR CARRYING OUT TH.
INVENTION

L1

Hereinafter, embodiments of the present invention will be
described with reference to the drawings.

First Embodiment

FI1G. 1 shows a circuit diagram of a delta-sigma modulator
according to an embodiment of the present invention. As
shown 1 FIG. 1, the delta-sigma modulator of the present
embodiment includes: a continuous-time loop filter 101
capable of processing a continuous-time signal; a switch
SW1 sampling an output signal thereof in response to a clock
CLK; a quantizer 102 quantizing a signal obtained via the
switch SW1 to output a digital signal; an SC (SCR) feedback
DA 103 generating a current to be fed back to the loop filter
101 based on the digital signal output from the quantizer 102
and feeding back the current to the loop filter 101; and a
reference-voltage generating circuit 100 generating a first
reference voltage Vref which determines a charge amount to
be fed back from the feedback DA 103.

There will be described a specific circuit example and
circuit operation of the SC feedback DA 103 with reference to
FIG. 3A.

The SC feedback DA 103 includes a capacitor Cib, a resis-
tor Rib converting a charge stored 1n the capacitor Cib into a
current, and a switch SW2 which, according to the output
signal of the quantizer 102, connects the capacitor Cib to an
a-terminal, that 1s, the reference voltage Vref while the output
signal exhibits a Low (level), and switches so as to connect the
capacitor Cib to a b-terminal, that is, the resistor Rib while the
output signal exhibits a Hi (level).

When the switch SW2 1s connected to the a-terminal, a
charge 1s stored in the capacitor Cib by the reference voltage
Vret, and, when the switch SW2 1s connected to the b-termi-
nal, the charge 1s fed back to the loop filter 101. A current
[(t=0) at the moment when the switch SW2 1s connected to the
b-terminal 1s represented as I (t=0)=Vretl/Rib.

After that, while the switch SW2 1s connected to the b-ter-
minal, the current amount fed back to the loop filter 101 1s

represented by a time constant determined by the capacitor
Cib and the resistor Rib as follows.

I=(Vref/Rfb)xexp(-1/T)

A charge amount Qsc fed back to the loop filter 101 for
cach clock CLK period Ts 1s calculated by temporal integral
of the above current value 1n the charge feedback duration as
follows.

Osc=[{(Vref/Rfb)xexp(-t/t) }dt
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6

Here, when the time constant T 1s assumed to be suificiently
small compared with a length of the charge feedback dura-

tion, the following formula 1s obtained.

Osc=(Vref/Rfb)yxt=Vrefx Cfb

From the above result, by appropriately adjusting the ret-
erence voltage Vrel 1n the reference-voltage generating cir-
cuit 100, 1t 1s possible to maintain the feedback charge amount
sc to be constant and to provide a delta-sigma modulator
with a stable operation, even when an absolute value of the
Cib varies due to a change 1n a production process thereof or
the value 1s varied by an operating temperature condition
thereof.

Although the above embodiment aims to make a feedback
gain to be constant, it may be possible to provide the delta-

sigma modulator with a function of a VGA (Variable Gain
Amplifier) by intentionally changing the feedback amount.

Here, apparently from the above result, even the capacitor
Cib 1s appropnately changed, 1t 1s also possible to maintain
the feedback charge amount (Qsc to be constant. For this
purpose, 1t 1s necessary to divide the capacitor Cib prelimi-
narily into smaller capacitors and to connect the capacitors in
parallel by use of a switch or the like. Since adjustable values
in this case are discrete in general, accurate adjustment 1s
obtained by connecting small capacitors in parallel. Also, 1t 1s
possible to maintain the feedback charge amount (Qsc to be
constant, by appropriately adjusting the duration for charging
or discharging the charge. Here, since a clock CLK period 1s
a very short time like several nano-seconds 1n a delta-sigma
modulator or the like treating a high speed signal, the control
of the feedback charge amount QQsc 1s realized by controlling
this time accurately.

Second Embodiment

FIG. 5 shows a circuit diagram of a delta-sigma modulator
according to an embodiment of the present invention. As
shown 1n FIG. 5, the delta-sigma modulator of the present
embodiment further includes a feedback-amount detecting
circuit 106 detecting a feedback amount of the SC feedback
DA 103, and feeds back an output of this feedback-amount
detecting circuit 106 to the reference-voltage generating cir-
cuit 100. Other configuration and operation are the same as
those 1n the first embodiment and detailed description thereof
will be omitted.

FIG. 6 1s a diagram showing an example of the feedback-
amount detecting circuit 106 and reference-voltage generat-
ing circuit 100 of FI1G. 5. The output of the SC feedback DA
1s integrated by a smoothing circuit 120 constituting the feed-
back-amount detecting circuit and provided to the reference-
voltage generating circuit 100. Meanwhile, 1n the reference-
voltage generating circuit 100, a SI feedback DA 104 receives
the output of the quantizer 102 and outputs a charge amount
originally to be fed back. This output 1s integrated by a
smoothing circuit 121 and a difference between the integrated
output and the output of the feedback-amount detecting cir-
cuit 106 1s amplified by an amplifier 130. An output of this
amplifier 130 1s configured to be the first reference voltage
Vrel. Here, it may be more preferable for the embodiment
turther to add a capacitor to an output of the amplifier 130 for
stabilizing a closed loop formed by the SC feedback DA 103,
the feedback-amount detecting circuit 106, and the reference-
voltage generating circuit 100, to hold the reference voltage.

Note that a connection point for the mput terminal of the
teedback-amount detecting circuit 106 1s not limited only to

the output end of the SC feedback DA as shown 1n FIG. 5.
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FIGS. 7A and 7B show circuit diagrams 1n other examples
of the delta-sigma modulators according to the present inven-

tion. As shown 1n FIGS. 7A and 7B, each of these delta-sigma
modulators according to the present embodiment further
includes the feedback-amount detecting circuit 106 receiving
the output of the quantizer 102 and feeds back the output of
this feedback-amount detecting circuit 106 to the reference-
voltage generating circuit 100 via a switch SW4.

FIG. 8 1s a diagram showing an example of the feedback-
amount detecting circuit 106 and reference-voltage generat-
ing circuit 100 shown 1n FIGS. 7A and 7B. The output of the
quantizer 102 1s given to the reference-voltage generating
circuit 100 via a quantizer-output monitor circuit and a feed-
back charge-amount detecting circuit constituting the feed-
back-amount detecting circuit. Meanwhile, in the reference-
voltage generating circuit 100, an output of this feedback-
amount detecting circuit 106 1s input into a voltage generating
circuit constituting the reference-voltage generating circuit
via the switch SW4. In the present example, a reference input
signal 1s input into the delta-sigma modulator before the
delta-sigma modulator starts to operate (1nitial state), and the
output of the quantizer 102 1s monitored by the quantizer-
output monitor circuit in the feedback-amount detecting cir-
cuit 106 (FIG. 7A and FIG. 8). Then, the feedback charge-
amount detecting circuit in the feedback-amount detecting
circuit 106 detects an actual feedback charge amount Qsc
from a difference between the monitored amount and an
output value estimated from the reference mput signal (esti-
mated quantizer output value). When, for this detected charge
amount, a similar feedback 1s provided to the voltage gener-
ating circuit in the reference-voltage generating circuit 100 by
turning on the switch SW4, the feedback 1s performed so as to
increase Vref for a small time constant T of the SC feedback
DA 103 (FIG. 12A), and the feedback 1s performed so as
adversely to decrease Vref for a large time constant T thereof
(FIG. 12B) as shown i FIGS. 12A and 12B. After the best
reference voltage Vret 1s obtained, the switch SW4 1s turned
off to hold the voltage (FIG. 7B) and actual operation of the
delta-sigma modulator 1s performed.

A holding function may be provided with the voltage gen-
erating circuit 1n the reference-voltage generating circuit 100
for holding the obtained reference voltage Vrel, or a holding
means (not shown 1n the drawings) may be provided with the
succeeding stage of the quantizer-output momtor circuit in
the feedback-amount detecting circuit 106 for holding the
obtained reference voltage Vret. Also, while the switch SW4
1s provided between the feedback-amount detecting circuit
106 and the reference-voltage generating circuit 100, the
switch SW4 may be provided between the feedback-amount
detecting circuit 106 and the quantizer 102, or provided
between the voltage generating circuit and the holding means
(not shown 1n the drawings).

By adjusting the reference voltage Vrel automatically as
described above, 1t 1s possible to maintain the charge amount
Qsc to be fed back to the loop filter to be constant even when
the absolute value of the capacitor Cib varies due to a change
in a production process thereof or the value 1s varied by an
operating temperature condition thereof, and it 1s possible to
provide a delta-sigma modulator with a stable operation.

Third Embodiment

FI1G. 9 shows a circuit diagram of a delta-sigma modulator
according to an embodiment of the present invention. As
shown 1n FIG. 9, the delta-sigma modulator of the present
embodiment has the same configuration as that of the first
embodiment except for a configuration of the reference-volt-
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age generating circuit 100 as described below. That 1s, the
reference-voltage generating circuit 100 includes a replica

circuit 105 of the SC feedback DA 103, a replica-output
detecting circuit 107 detecting a signal output from the rep-
lica circuit 105, and a voltage generator 140 generating a
voltage based on the signal detected by the replica-output
detecting circuit 107, and configured such that an output of
the voltage generator 140 becomes the first reference voltage
Vret. Here, it 1s more preferable for the embodiment to add a
capacitance Cext to the output of the voltage generator 140
for holding the reference voltage Vrel and also for improving
stability of a closed loop of the reference-voltage generating
circuit 100.

While the output of SC feedback DA 103 1s controlled by
the output of the quantizer 102, an output of the replica circuit
105 1s controlled by the clock CLK.

Heremaiter, operation of the replica circuit will be
described by assuming that the replica circuit has completely
the same element configuration as that of the SC feedback
DA.

A charge amount output from the replica circuit 1s moni-
tored by the replica-output monitor circuit 107. Then, the
voltage generator 140 compares the monitored charge
amount with a charge amount to be fed back and performs

negative feedback so as to reduce the difference thereof to
zero. At this time, as shown in FIGS. 12A and 12B, the

teedback 1s provided to the feedback DA 103 and the replica
circuit 1035 so as to increase Vref for a small time constant T
(FIG. 12A) and so as adversely to decrease Vrel for a large
time constant T (FIG. 12B).

By adjusting the reference voltage Vrel automatically as
described above, 1t 1s possible to maintain the charge amount
Qsc to be fed back to the loop filter to be constant even when
the absolute value of the capacitor Cib varies due to a change
in a production process thereof or the value 1s varied by an
operating temperature condition thereot, and it 1s possible to
provide a delta-sigma modulator with a stable operation.

Fourth Embodiment

FIG. 10 shows a circuit diagram of a delta-sigma modula-
tor according to an embodiment of the present invention. As
shown 1n FIG. 10, the delta-sigma modulator of the present
embodiment has the same configuration as that of the first
embodiment except for a configuration of the reference-volt-
age generating circuit 100 as described below. That 1s, the
reference-voltage generating circuit 100 includes a replica
circuit 105 of the SC feedback DA 103, a smoothing circuit
122 smoothing a signal output from the replica circuit 105,
and an amplifier 131 comparing a signal smoothed by the
smoothing circuit 122 with a second reference voltage Vrel2
and amplitying the difference thereot, and 1s configured such
that an output from the amplifier 131 results 1n the first ref-
erence voltage Vrel. Here, 1t may be more preferable for the
embodiment to add a capacitance Cext to an output of the
amplifier 131 for holding the reference voltage Vref and also
for stabilizing a closed loop 1n the reference-voltage generat-
ing circuit 100.

While the output of the SC feedback DA 103 1s controlled
by the output of the quantizer 102, the output of the replica
circuit 103 1s controlled by the clock CLK.

Heremaiter, operation of the replica circuit will be
described by assuming that the replica circuit has the same
clement configuration as that of the SC feedback DA.

FIG. 11 1s a diagram showing a state of each signal wave-
form 1n the delta-sigma modulator shown in FIG. 10. The
output of the quantizer 102 1s an RTZ (Return to zero) signal
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and has the same length of a Hi duration as that of the clock
CLK. Further, the H1 duration 1s a duration in which the
charge 1s fed back to the loop filter 101.

The output of the SC feedback DA 103 1s controlled by the

output of the quantizer 102 to have a wavetform as shown by
a wavelform b 1n FIG. 11, and the output of the replica circuit
105 15 controlled by the clock CLK to have a wavelorm as
shown by a waveform d 1n FIG. 11.

The outputs of the SC feedback DA 103 and the replica
circuit 105 can be easily guessed to be completely the same

when compared within the clock period Ts 1 which the
charge feedback 1s performed, since the SC feedback DA 103
and the replica circuit 105 have a common reference voltage
Vret, the same element values constituting the both circuits
103 and 105, and the same Hi duration length of the control
signals thereof.

Further, by making the both circuits 103 and 105 com-
pletely the same not only 1n the element values but also in
layouts on a chip, 1t 1s generally possible to maintain a mis-
match amount of the absolute element values thereof 1n a
tavorable range even when the absolute element value varies
due to a change of a production process thereof. Also, when
the both circuits 103 and 105 are formed on the same chip,
temperature environments thereof are also considered to be
the same. Therefore, the output signals of the both circuits
103 and 103 are considered to be always the same not depend-
ing on the change in the production process or an operating
temperature condition thereof.

Here, when the output of the replica circuit 105 1s input into
the smoothing circuit 122, a smoothed signal exhibits a wave-
form like a waveform e shown 1n FIG. 11. Summation of a
charge amount which moves every Ts does not change
between before and aifter the smoothing.

Further, when a difference between a signal voltage of this
wavelorm e and the second reference voltage Vref2 1s ampli-
fied by the amplifier 131 and fed back negatively to Cext
which holds the reference voltage, the feedback 1s provided to
the SC feedback DA 103 and the replica circuit 105 so as to
increase Vrel for a small time constant t (FIG. 12A) and so as
adversely to decrease Vref for a large time constant T (FIG.
12B) as shown 1n FIGS. 12A and 12B.

As described above, even when the time constant T varies
depending on the change 1n the production process, the oper-
ating temperature condition, or the like, the feedback charge
amount Qsc 1s always controlled automatically to become
equivalent to a charge amount to be fed back and it becomes
possible to provide a stable delta-sigma modulator.

While the circuit operation has been described hereimnabove
by the assumption that the element configuration of the rep-
lica circuit 1s completely the same as that of the feedback DA,
it 1s obvious that the element configuration of the replica
circuit 1s not limited to completely the same configuration as
that of the SC feedback DA. For example, by an element
configuration 1in which the charge amount output from the
replica circuit 1s just a half of the feedback charge amount
from the SC feedback DA and correspondingly also by mak-
ing the second reference voltage just a half, the above object
can be obviously achieved.

Although the above embodiment aims to make a feedback
gain to be constant, it may be possible to provide the delta-
sigma modulator with a function of a VGA (Variable Gain
Amplifier) by intentionally changing the second reference
voltage Vret2.

Fitth Embodiment

FI1G. 13 shows a circuit diagram of a delta-sigma modula-
tor according to an embodiment of the present invention. As
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shown 1n FI1G. 13, 1n the delta-sigma modulator of the present
embodiment, a loop filter 101 1s composed of a continuous-
time itegrator including a resistor Rin, a capacitor Cint, and
a differential amplifier 108, and a smoothing circuit 122 is
composed of a resistor Ribl, a capacitor Clpt, and a differ-
ential amplifier 109. Other configuration 1s the same as that of
the fourth embodiment and detailed description thereof will
be omitted.

Although FIG. 13 shows a first order RC integrator as the
loop filter 101, a configuration and order of the loop filter 1s
not restricted and the configuration may be a low-pass filter,
band-pass filter, or the like not limited to an integrator. Also,
the resistor Rin 1s not limited to a resistor made of poly-silicon
formed on a chip and may be a metal wiring or a MOS
transistor operated 1n a triode region, for example.

The operation principle and eflect of each circuit is the
same as that of the fourth embodiment and description thereot
will be omitted.

Sixth Embodiment

FIG. 14 shows a circuit diagram of a delta-sigma modula-
tor according to an embodiment of the present invention. As
shown in FI1G. 14, 1n the delta-sigma modulator of the present
embodiment, 1n the fourth embodiment, the loop filter 101 1s
composed of a continuous-time integrator including a
transconductance amplifier 110 (transconductance thereof 1s
denoted by GMin) and a capacitor Cint, the smoothing circuit
122 1s composed of a transconductance amplifiers 111 and
112 (transconductance thereof 1s denoted by GMib) and a
capacitor Clpl, and the SC feedback DA 103 and the replica
circuit 105 are configured as described below. Here, the
transconductance amplifier 112 1s shared by the smoothing
circuit 122 and the replica circuit 105. Other configuration 1s
the same as that of the fourth embodiment.

There will be described a specific circuit example and
circuit operation of the SC feedback DA 103 in the present
embodiment with reference to FIG. 15A and FIG. 15B,
respectively.

The SC feedback DA 103 of the present embodiment

includes a capacitor Cib, a resistor Rib2 attenuating a charge
stored 1n the capacitor Cib, a transconductance amplifier 112
(transconductance thereof 1s denoted by GMib) and a switch

SW2 switching 1n response to the output signal of the quan-
tizer 102.

Here, a parasitic capacitor added to a node Nib of the input
terminal of the transconductance amplifier 112 1s denoted by
Cp.

A charge stored by the reference voltage Vret 1s fed back to
the loop filter 101 according to an resulting output of the
quantizer 102. At the moment when the switch SW2 1s con-
nected to the b-terminal, the stored charge 1s shared by the
capacitor Cib and the parasitic capacitor Cp and a voltage Vib
(t=0) at the node Nib 1s represented as Vib (t=0)=VretxCib/
(Cib+Cp). This voltage 1s converted into current by the
transconductance amplifier 112, and a current I (t=0) at the
moment when the switch SW2 1s connected to the b-terminal
1s represented as I (1=0)=GMibxVretxCib/(Cib+Cp).

Then, while the switch SW2 1s connected to the b-terminal,
a current amount fed back to the loop filter 101 1s represented
as Tollows by use of a time constant T2 (=Rib2x(Cib+Cp))

determined by the capacitor Cib, parasitic capacitor Cp, and
resistor Rib2.

I={ GMfbx Vrefx Cfb/(Cfb+Cp) } xexp(-1/12)
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The charge amount Qsc fed back to the loop filter every
clock CLK period Ts 1s calculated as follows by a temporal
integral of the above current value 1n a charge feedback dura-
tion.

Osc=[f{{ GMfbx Vrefx Cfb/(Cfb+Cp) | xexp(-t/t2)]dt

Here, when the time constant T2 1s assumed to be suffi-

ciently small compared with a length of the charge feedback
duration, the charge amount Qsc 1s given as follows.

Qsc ={GMfoxX Vref XCfb [ (Cfb + Cp)} X 12

= GMfb x Vref X Cfb X Rfb2

It 1s preferable to configure the replica circuit 105 by using,
completely the same elements as those of the SC feedback
DA 103. Operations of the SC feedback DA 103 and the
replica circuit 105 configured 1n this manner are the same as
those 1n the fourth embodiment described with reference to
FIG. 11, and detailed description thereot will be omatted.

Although FIG. 14 shows a first order Gm-C 1ntegrator as
the loop filter, alow-pass filter, band-pass filter, or the like, not
limited to the integrator can be applied and a configuration
and order of the loop filter do not have any restriction.

It 1s generally difficult to predict the value of the parasitic
capacitance Cp generated at the mnput terminal of the
transconductance amplifier in each of the both circuits 103
and 103. Also, there 1s a possibility that a current amount error
1s caused by an msuificient linear input range of the transcon-
ductance amplifier.

However, if the transconductance amplifiers 1n the feed-
back circuit 103 and the replica circuit 105 are the same and
peripheral layouts thereof are the same, the parasitic capaci-
ties and the current amount errors caused by the insufficient
input range are considered to be the same 1n the both circuits.
Theretfore, even 1i the charge amount fed back to the loop filter
1s varied by these causes, variation can be automatically
adjusted to be cancelled.

Seventh Embodiment

In a delta-sigma modulator according to the present
embodiment, the loop filter 101 1s configured by a sequential
connection ol a continuous-time {ilter mcluding a resistor,
capacitor, and operational amplifier and a continuous-time
filter including a transconductance amplifier and capacitor.

The other configuration 1s the same as that of the fourth
embodiment. Here, the sequential connection may be a series
connection or a cascade connection.

A configuration and order of the loop filter have no restric-
tion. Also, the resistor 1s not limited to a resistor made of
poly-silicon formed on a chip and may be a metal wiring or a
MOS transistor operated 1n a triode region, for example.

The operation principle and effect of each circuit are the
same as those of the fourth embodiment and description
thereof will be omitted.

Eighth Embodiment

A delta-sigma modulator according to the present embodi-
ment includes a continuous-time loop filter 101 capable of
processing a continuous-time signal, a switch SW1 sampling,
an output signal thereof 1n response to a clock CLK, a quan-
tizer 102 quantizing the signal obtained via the switch SW1 to
output a digital signal, and an SC (SCR) feedback DA 103

generating a current to be fed back to the loop filter 101 based
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on the digital signal output from the quantizer 102 to feed
back the current to the loop filter 101.

FIG. 15A 1s a diagram showing a specific circuit configu-
ration of the SC feedback DA 103 of the present embodiment.
Circuit operation thereof will be described with reference to
FIG. 15A.

The SC feedback DA 103 of the present embodiment
includes a capacitor Cib, a resistor Rib2 attenuating a charge
stored 1n the capacitor Cib, a transconductance amplifier 112
(transconductance thereot 1s denoted by GMib), and a switch
SW2 switching in response to an output signal of the quan-
tizer 102.

Here, a parasitic capacitance added to a node Nib of an
input terminal of the transconductance amplifier 112 1s
denoted by Cp.

With reference to FIG. 15B, there will be described circuit
operation of the SC feedback DA 103 of the present embodi-
ment. A charge stored by the reference voltage Vref 1s fed
back to the loop filter 101 according to an resulting output of
the quantizer 102. At the moment when the switch SW2 1s
connected to the b-terminal, the stored charge 1s shared by the
capacitor Cib and the parasitic capacitance Cp and a voltage
Vib (t=0) at the node Nib 1s represented as Vib (1=0)=Vrelx
Cib/(Cib+Cp). This voltage 1s converted into current by the
transconductance amplifier 112, and a current I (t=0) at the
moment when the switch SW2 1s connected to the b-terminal
1s represented as I (t=0)=GMibxVreixCib/(Cib+Cp).

Then, while the switch SW2 1s connected to the b-terminal,
a current amount fed back to the loop filter 101 1s represented
as follows by use of a time constant T2 (=Rib2x(Cib+Cp)
determined by the capacitor Cib, parasitic capacitance Cp,
and resistor Rib2.

I={ GMfbx Vrefx Cfb/ (Cfb+Cp) } xexp(-t/2)

The charge amount Qsc fed back to the loop filter every
clock CLK period Ts 1s calculated as follows by a temporal
integral of the above current value 1n a charge feedback dura-
tion.

Osc=[[{ GMfbx Vrefx Cfb/(Cfb+Cp) } xexp(-t/2)]dt

Here, when the time constant T2 1s assumed to be suffi-
ciently small compared to a length of the charge feedback
duration, the charge amount QQsc 1s given as follows.

Qsc ={GMfbx Vref X Cfb/(Cib+ Cp)} X 12

= GMfbx Vref x Cfb X Rfb2

By configuring the SC feedback DA 103 as described
above, 1t 1s possible to make a first stage integrator of the loop
filter 101 to have a Gm-C configuration. Generally, the Gm-C
integrator which does not have a feedback loop 1s more suit-
able for high speed operation than a RC integrator, and
thereby the present embodiment can provide a delta-sigma
modulator having a high-speed SC feedback DA with low
power consumption.

When a higher order loop filter 1s required and the loop
filter 1s configured with an RC integrator for the first stage and
a GM-C mtegrator for a remaining stage, there 1s a case 1n
which a mismatch in the characteristics ol the integrators may
be a cause of changing a transier function of the loop filter.
Then, this change 1n the transfer function provides an influ-
ence to a quantization noise within a frequency band thereof
and, 1n the worst case, this influence causes a problem.

The present embodiment can provide a delta-sigma modu-
lator having an SC feedback DA configured with Gm-C 1nte-
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grators for all the stages thereof. Thereby, the present embodi-
ment has excellent advantages that a canceling circuit 1s not
necessary for canceling the mismatch in the characteristics of
the integrators among the stages and that the mismatch 1s
originally not caused in the characteristics of the integrators
among the stages.

Industrial Applicability

The present invention can be applied to an AD converter or
a DA converter used for an electronic equipment.

The mvention claimed 1s:

1. A delta-sigma modulator, comprising;:

an 1input terminal;

a continuous-time loop filter for receiving a continuous-
time signal from said input terminal;

a quantizer for outputting a digital signal obtained by quan-
t1zing an output from said continuous-time loop filter in
response to a clock;

a switched-capacitor feedback DA converter for outputting,
an analog signal depending on a first reference voltage
according to the digital signal output from said quan-
tizer, and for feeding back the analog signal to said
continuous-time loop filter, said switched-capacitor
feedback DA converter having a capacitor and a resistor;
and

a reference-voltage generating circuit for generating said
first reference voltage,

said reference-voltage generating circuit including a rep-
lica circuit of said switched-capacitor feedback DA con-
verter, a detecting circuit for detecting a signal output
from said replica circuit, and a voltage generator for
generating a reference voltage based on the signal
detected by said detecting circuit, an output from said
voltage generator being said first reference voltage and
also being mput mnto said replica circuit;

wherein said switched-capacitor feedback DA converter
attenuating the output signal to be fed back to said con-
tinuous-time loop filter according to a time constant
determined by said capacitor and said resistor, and

said first reference voltage being varnable.

2. A delta-sigma modulator, comprising:

an 1input terminal;

a continuous-time loop filter for recerving a continuous-
time signal from said input terminal;

a quantizer for outputting a digital signal obtained by quan-
t1zing an output from said continuous-time loop filter in
response to a clock;

a switched-capacitor feedback DA converter for outputting,
an analog signal depending on a first reference voltage
according to the digital signal output from said quan-
tizer, and for feeding back the analog signal to said
continuous-time loop filter, said switched-capacitor
feedback DA converter having a capacitor and a resistor;
and

a reference-voltage generating circuit for generating said
first reference voltage,

said reference-voltage generating circuit including a rep-
lica circuit of said switched capacitor feedback DA con-
verter, a smoothing circuit for smoothing a signal output
from said replica circuit, and an amplifier for comparing
the signal smoothed by said smoothing circuit with a
second reference voltage and for amplitying a difference
therebetween, an output from said amplifier being said
first reference voltage and also being mput into said
replica circuit;
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wherein said switched-capacitor feedback DA converter
attenuating the output signal to be fed back to said con-
tinuous-time loop filter according to a time constant
determined by said capacitor and said resistor, and

said first reference voltage being variable.

3. The delta-sigma modulator according to claim 2,

wherein said second reference voltage 1s varniable.

4. The delta-sigma modulator according to claim 2,
wherein each of said switched-capacitor feedback DA con-
verter and said replica circuit has a capacitor, a resistor and a
transconductance amplifier, converts a voltage signal attenu-
ated according to a time constant determined by said capaci-
tor and said resistor into a current with said transconductance
amplifier, and outputs the current to said continuous-time
loop filter, respectively.

5. The delta-sigma modulator according to claim 4,
wherein each of said continuous-time loop filter and said
smoothing circuit includes a capacitor and a transconduc-
tance amplifier, respectively.

6. A delta-sigma modulator, comprising:

an input terminal;

a continuous-time loop filter for receiving a continuous-
time signal from said input terminal;

a quantizer for outputting a digital signal obtained by quan-
t1zing an output from said continuous-time loop filter in
response to a clock;

a switched-capacitor feedback DA converter for outputting,
an analog signal depending on a first reference voltage
according to the digital signal output from said quan-
tizer, and for feeding back the analog signal to said
continuous-time loop filter, said switched-capacitor
feedback DA converter having a capacitor and a resistor;
and

a Teedback-amount detecting circuit for detecting a signal
output from said switched-capacitor feedback DA con-
verter, and a reference voltage generator for generating,
the firstreference voltage based on the signal detected by
said first feedback-amount detecting circuat;

wherein said switched-capacitor feedback DA converter
attenuating the output signal to be fed back to said con-
tinuous-time loop filter according to a time constant
determined by said capacitor and said resistor, and

said first reference voltage being variable.

7. The delta-sigma modulator according to claim

6, wherein said feedback-amount detecting circuit includes a
first smoothing circuit for smoothing the signal output from
said switched-capacitor feedback DA converter and

said reference voltage generator includes a switched-cur-
rent feedback DA converter for DA-converting the digi-
tal signal output from said quantizer, a second smooth-
ing circuit for smoothing a signal output from said
switched-current feedback DA converter, and a first
amplifier for comparing signals output from said first
with signals output from second smoothing circuits,

an output from said amplifier being said first reference
voltage.

8. A delta-sigma modulator, comprising:

an input terminal;

a continuous-time loop filter for receiving a continuous-
time signal from said input terminal:

a quantizer for outputting a digital signal obtained by quan-
t1zing an output from said continuous-time loop filter in
response to clock.

a switched-capacitor feedback DA converter for outputting,
an analog signal depending on a first reference voltage
according to the digital signal output from said quan-
tizer, and for feeding back the analog signal to said
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continuous-time loop filter, said switched-capacitor
teedback DA converter having a capacitor and a resistor:
and
a second feedback-amount detecting circuit for detecting
the signal output from said quantizer when a reference
signal 1s 1nput into said continuous-time loop filter and a
reference voltage generator for generating the first ref-
erence voltage based on a signal detected by said second
teedback-amount detecting circuit,
said reference voltage generator holds said first reference
voltage generated;
wherein said switched-capacitor teedback DA converter
attenuating the output signal to be fed back to said con-
tinuous-time loop filter according to a time constant
determined by said capacitor and said resistor, and
said first reference voltage being varnable.
9. The delta-sigma modulator according to claim
8. wherein said feedback-amount detecting circuit includes a
quantizer-output monitor circuit for monitoring the digital
signal output from said quantizer and a feedback charge-
amount detecting circuit for detecting a charge amount fed
back from a difference between an output of said quantizer-
output monitor circuit and an output value estimated from the
input reference signal;
said reference voltage generator includes a voltage gener-
ating circuit for generating a voltage based on an output
value from said second feedback-amount detecting cir-
cuit; and
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an output of said voltage generating circuit being said first
reference voltage.

10. A delta-sigma modulator, comprising;:

an input terminal;

a continuous-time loop filter for receiving a continuous-
time signal from said input terminal;

a quantizer for outputting a digital signal obtained by quan-
t1zing an output from said continuous-time loop filter in
response to a clock; and

a switched-capacitor feedback DA converter for outputting,
an analog signal depending on a first reference voltage
according to the digital signal output from said quan-
tizer, and for feeding back the analog signal to said
continuous-time loop filter, said switched-capacitor
feedback DA converter having a capacitor and a resistor;

wherein said switched-capacitor feedback DA converter
attenuating the output signal to be fed back to said con-
tinuous-time loop filter according to a time constant
determined by said capacitor and said resistor, and

said first reference voltage being variable, and wherein said
continuous-time loop filter 1s configured with a first filter
having a resistor, a capacitor and a differential amplifier,
and a second filter having a transconductance amplifier
and a capacitor, wherein said filters are sequentially
connected.
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